Colorectal cancer is one of the leading causes of cancer mortality and morbidity worldwide. Previous studies indicate that the zinc finger-containing transcription factor Krüppel-like factor 5 (KLF5) positively regulates proliferation of intestinal epithelial cells and colorectal cancer cells. Importantly, inhibition of KLF5 expression in intestinal epithelial cells and colorectal cancer cells by pharmacologic or genetic means reduces their rate of proliferation. To identify additional and novel small molecules that inhibit KLF5 expression and thus colorectal cancer proliferation, we developed a reporter assay using colorectal cancer cell line (DLD-1) that stably expressed a luciferase reporter gene directed by 1,959 bp of the human KLF5 promoter upstream of the ATG start codon and performed a cell-based high-throughput screen with the Library of Pharmacologically Active Compounds that contains 1,280 biologically active compounds. The screen identified 8 potential inhibitors and 6 potential activators of the KLF5 promoter. Three potential inhibitors, wortmannin, AG17, and AG879, were further evaluated by secondary analyses. All three significantly reduced both KLF5 promoter-luciferase activity and protein level in DLD-1 cells in a dose-and timedependent manner when compared with controls. They also significantly reduced the rate of proliferation of DLD-1 and two other colorectal cancer cell lines, HCT116 and HT29. Our results show the principle of using high-throughput screening to identify small-molecule compounds that modulate KLF5 activity and consequently inhibit colorectal cancer proliferation.
Introduction
Significant progress has been made in understanding the molecular mechanisms responsible for the pathogenesis of colorectal cancer in the last two decades (1) (2) (3) (4) (5) . In 1990, Fearon and Vogelstein proposed a genetic model for colorectal carcinogenesis, stating that colorectal cancer is the cumulative result of stepwise genetic changes (mutations) in key genes with important functions in the control of cell growth and proliferation (6) . Thus, both mutational activation of oncogenes and inactivation of tumor suppressor genes are involved in this process (6) . The identification of genes involved in colorectal cancer was facilitated by investigating genetic changes that occur in individuals with familial predisposition to colorectal cancer such as familial adenomatous polyposis and hereditary nonpolyposis colorectal cancer (7) . Recent advances in genomic technology have further facilitated the identification of the genomic landscape and critical mutations in colorectal cancer (8) .
Our group has been investigating the biological functions of Krüppel-like factors (KLF), which are a subfamily of zinc finger-containing transcription factors, in the intestinal epithelium (9) (10) (11) . KLF5 is highly expressed in the proliferating crypt epithelial cells throughout the gastrointestinal tract and exhibit important functions in regulating proliferation (11) . Previous studies have shown that ectopic expression of KLF5 results in increased rates of proliferation and anchorage-independent growth in both 3T3 fibroblasts (12) and intestinal epithelial cells (13) . KLF5 expression is induced by the mitogen-activated protein kinases, MEK/extracellular signal-regulated kinase, through activation of the transcription factor, EGR1 (14) . As a downstream target of the mitogen-activated protein kinase pathway, we showed that KLF5 mediates the transforming effect of oncogenic HRAS in 3T3 fibroblasts (15, 16) and oncogenic KRAS in intestinal epithelial cells (17) . Here, induction of KLF5 in response to HRAS-or KRAS-induced mitogen-activated protein kinases leads to the transcriptional activation of genes encoding several cell cycle-promoting proteins including cyclin D1 and B1 and Cdk1/ Cdc2 (15, 16) . In addition, increased KLF5 expression is observed in intestinal tumors from transgenic mice expressing oncogene KRAS under the control of an intestine-specific promoter and in human colon cancer harboring activating mutations of KRAS (17) . Importantly, inhibition of KLF5 expression by small interfering RNA, MEK inhibitors, or all-trans retinoic acid in oncogenic RAS-transformed fibroblasts or intestinal epithelial cells and human colon cancer cell lines containing mutated KRAS results in the reduction of rate of proliferation of treated cells (13, 15, 16) , indicating that KLF5 is essential for oncogenic RAS signaling and may be a potential target for therapy in colorectal cancer harboring mutated RAS.
Expression of KLF5 is often regulated at the level of transcription. Thus, the promoter of KLF5 has been shown to be activated by diverse signaling processes elicited by the phorbol ester, phorbol 12-myristate 13-acetate, fetal bovine serum, fibroblast growth factor, and oncogenic HRAS (12, 14, 17) and inhibited by all-trans retinoic acid and mitogen-activated protein kinase inhibitors such as PD98059 and U0126 (13, 16) . Here, we used an unbiased high-throughput screening (HTS) approach as a means to identify novel small-molecule compounds that modulate KLF5 promoter activity with the hope of identifying novel compounds that may modulate colorectal cancer proliferation.
Materials and Methods

Reagents and Cell Lines
Cell culture medium, fetal bovine serum, and geneticin were purchased from Invitrogen. Steady-Glo luciferase assay mixtures were purchased from Promega. Cell proliferation reagent WST-1 was purchased from Roche. Wortmannin, tyrphostin A9(AG17), tyrphostin AG879, and mouse monoclonal antibody against β-actin were purchased from Sigma-Aldrich and LY294002 from Calbiochem. A rabbit polyclonal antibody generated against 95 to 111 amino acids of the mouse KLF5 protein was manufactured by QCB (17, 18) . Rabbit antibodies against AKT, pAKT, and Egr1 were purchased from Cell Signaling. The Cell Extraction Buffer was acquired from Biosource Invitrogen. The Library of Pharmacologically Active Compounds (LOPAC 1280 ) was purchased from Sigma-Aldrich.
Human colorectal cancer cell lines DLD-1, HCT116, and HT29 were purchased from the American Type Culture Collection. DLD-1 cells were maintained in RPMI 1640 and HCT116 and HT29 were maintained in McCoy's medium. All media were supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. The DLD-1/pGL4.18hKLF5p cell line (see below) was maintained in RPMI 1640 with 10% fetal bovine serum and 1% penicillin/ streptomycin supplemented with 800 µg/mL geneticin.
Generation of Stable Reporter Cell Lines
A 1,959-bp fragment of the human KLF5 promoter upstream of the ATG start codon (19) was amplified by PCR on the RPCI-11-505F4 BAC clone (Resgen Invitrogen). The amplified fragment contains HindIII overhangs and was subcloned into the HindIII cloning site of the pGL4.18 firefly luciferase reporter plasmid (Promega) to generate pGL4.18hKLF5p (for human KLF5 promoter). Following verification of the sequence by restriction and sequencing, the pGL4.18hKLF5p construct (which contains a neomycin resistance cassette) was transfected into DLD-1 cells followed by selection in neomycin (geneticin)-containing medium for 2 weeks. Sixty neomycin-resistant clones were pooled for further analysis. We validated this reporter cell line based on three criteria: (a) stability of luciferase expression over time, (b) response of the reporter activity to known stimuli, and (c) compatibility of the reporter cell line with HTS in a 96-well format (data not shown).
HTS of LOPAC 1280
The DLD-1/pGL4.18hKLF5p cells were seeded at a density of 3 × 10 4 per well in 96-well plates in 100 µL RPMI 1640 containing 10% fetal bovine serum. Medium was changed to RPMI 1640 only on the following day and incubated for an additional 24 h at which time compounds from LOPAC 1280 (Sigma-Aldrich) were added at a final concentration of 10 µmol/ L in 1% DMSO using the liquid handling system Sciclone ALH3000A Workstation (Caliper Life Sciences) available at the Emory Chemical Biology Discovery Center. After 8 h, 100 µL Steady-Glo luciferase assay mixture was added to each well and luciferase activity was determined using the Analyst HT (Molecular Devices). The data were validated by two independent variables: signal-to-background (S/B) ratio and Z′ factor. Briefly, S/B ratio is the mean of the signal divided by the mean of the background and Z′ is calculated using the following equation: 1-[(3σ s + 3σ b ) / (μ s − μ b )], where σ is the SD of signal (σ s ) or background (σ b ) and μ is the mean (20, 21) . In addition, we calculated the coefficient of variation for the entire sample of the microtiter plates. The coefficient of variation is defined as the ratio between the SD of the sample and the mean of the sample. Usually, this is multiplied by 100 and presented as a percentage.
Western Blot Analysis
Protein extracts were prepared with the Cell Extraction Buffer according to the manufacturer's protocol. Total cellular proteins (30 µg) were resolved by SDS-PAGE gels and transferred to nitrocellulose membrane (Bio-Rad). Membranes were blocked with blocking solution containing 5% nonfat dried milk in 1× Tween 20-TBS for 1 h at room temperature and then incubated overnight with the primary antibodies in the blocking solution. After two 15-min washes in 1× Tween 20-TBS, membranes were incubated with the appropriate horseradish peroxidase-conjugated secondary antibody for 2 h. Membranes were then washed and developed with Immobilon Western Horseradish Peroxidase Substrate (Millipore).
Cell Proliferation Assay
DLD-1 cells were seeded in 96-well plates at the density 10 4 per well in 100 µL medium. At the same time, various concentrations of LY294002, wortmannin, AG17, and AG879 suspended in DMSO were added to the wells. After 48 h incubations, 10 µL Cell Proliferation Reagent WST-1 was added to each well, and 4 h after the addition, absorption was measured throughout the plates. The measurement of the control (cells with medium and DMSO) was defined as 100% and the results from other measurements were calculated accordingly. Each experiment was done in triplicates.
Cell Cycle Profile Analysis
DLD-1 cells were seeded in 100 cm plates at a density of 2 × 10 6 per plate in 10 mL medium. The following day, LY294002, wortmannin, AG17, and AG879 suspended in DMSO were added to the plates to reach final concentration of 10 µmol/L. After 24 h incubation, cells were collected, washed twice with cold PBS, and fixed overnight with 70% ethanol in −20°C. The next day, cells were stained with propidium iodide (8) solution (200 µmol/L propidium iodide, 0.5 mg/L RNase, 100 µmol/L EDTA, and 1 µL/mL Triton X-100) and subjected to flow cytometry analysis.
Results
LOPAC 1280 HTS
As an initial step to identify novel small-molecule compounds that modify KLF5 expression and with which to aid in the development of therapeutic agents for treating colorectal cancer, we screened the LOPAC 1280 library using the DLD-1/pGL4.18hKLF5p reporter cell line. The LOPAC screen was done as described in Materials and Methods and the 96-well plate layout used in this screen is shown in Fig. 1A . The controls were phorbol 12-myristate 13-acetate for activating compounds and LY294002 for inhibitory compounds. The assay was validated using two variables: S/B ratio and Z′ factor (described in Materials and Methods). Variations of S/ B ratios and Z′ factors among the different plates are shown in Fig. 1B . As seen, all of the S/ B ratios were >5 and all of the Z′ factors were >0.5, indicating that the assays were robust and reproducible. In addition, we calculated the coefficient of variation for the entire sample. In our case, the coefficient of variation for this experiment was 8%, again validating the HTS strategy.
To identify positive hits, we adopted the traditional hit threshold selection of μ-3σ, where μ is the mean value and σ is the SD of the entire assay (20) . Analysis of the HTS results revealed eight potential hit compounds that significantly inhibited the KLF5 promoter activity. In addition to the inhibitors, the screen yielded six apparent activators of the KLF5 promoter. Both sets of potential inhibitors and activators are listed in Table 1 . It is gratifying from the results that phorbol 12-myristate 13-acetate, a known activator of the KLF5 promoter (12, 14) , was identified in our screen (Table 1) . Moreover, the screen identified dequalinium analogue (C-14 linker), a protein kinase C-α inhibitor, as an inhibitor of KLF5 promoter activity, again validating the screen as an effective means to identify compounds that modulate KLF5 expression. The hit compounds from our primary screen belong to several classes of agents: neurotransmission, ion pump, phosphorylation, cell cycle, and apoptosis. We decided to focus on three potential inhibitory molecules: wortmannin and AG17 that were actual hits from the screen as well as AG879 that was slightly below the threshold for a hit. Wortmannin was selected because, like the control LY294002, it inhibits phosphoinositide 3-kinase (PI3K) that is often overreactive in cancer (8, 22) . AG17 and AG879 were selected because they belong to the class of receptor tyrosine kinase inhibitors or tyrphostins, which have shown promises as cancer therapeutics [ref. 23 ; AG17 inhibits platelet-derived growth factor receptor (PDGFR) tyrosine and AG879 inhibits ERRB2 tyrosine kinase]. The chemical structures of the compounds subjected to further analysis are depicted in Fig. 1C .
Validation of Hit Compounds
Next, we performed a dose-response and time-response evaluation of the potential hit compounds in the DLD-1/pGL4.18hKLF5p cell line to confirm the results obtained from the LOPAC 1280 primary screen. The concentration of the compounds used in the primary screen was 10 µmol/L (see Materials and Methods). Here, we used a concentration range between 0.01 and 50 µmol/L and measured the reporter activity at 2, 4, 6, 8, and 24 h. Figure 2 shows the results of luciferase assays after 24 h treatment with the four different compounds. Results of the time-course study with various concentrations of compounds are shown in Supplementary Fig. S1 . 4 As seen, all four compounds show a dose-and time-dependent inhibitory effect on the luciferase activity. However, the degrees of inhibition varied among the tested agents, with AG17 and AG879 being more potent than LY294002 and wortmannin in reducing the luciferase signal at the 24 h time point (Fig. 2) .
Effects of Hit Compounds on the Endogenous KLF5 Protein Levels
Following validation of the effect of the hit compounds in inhibiting KLF5 promoter activity, we examined their effect on the endogenous KLF5 levels in DLD-1 cells. Results in Fig. 3 show that, following 24 h treatment with 10 µmol/L of the compounds, KLF5 level was lower when compared with control (DMSO). Similar to the results of luciferase reporter assays in Fig. 2 , the inhibitory effect of AG17 and AG879 was more pronounced than LY294002 and wortmannin. We then examined the effect of the compounds on cellular pAKT and AKT levels. As seen in Fig. 3, LY294002 and wortmannin, both known PI3K inhibitors, significantly decreased the levels of pAKT but not total AKT, indicating effective inhibition of AKT phosphorylation. In contrast, AG17 and AG879 failed to influence either pAKT or AKT levels, suggesting that the two compounds function in a PI3K-independent manner. AG17 significantly reduced the level of EGR1, an established transcriptional activator of KLF5 (14) . The mechanism by which AG879 inhibits KLF5 remains to be determined. Additionally, we examined the effects of the hit compounds on the KLF5 protein levels in HCT116 and HT29 colon cancer cell lines. Results from these experiments are provided in Supplementary Figs. S2E 4 and S3E 4 for HCT116 and HT29 cells, respectively. As seen and similar to the findings in DLD-1 cells, AG17 and AG879 decreased KLF5 protein levels in both HCT116 and HT29cells more profoundly than LY294002 and wortmannin in both HCT116 and HT29cells.
Effects of Hit Compounds on Proliferation of Colorectal Cancer Cells
KLF5 is a proproliferative factor in intestinal epithelial cells and colorectal cancer cells (13, 17) . To determine whether the hit compounds affect proliferation of colorectal cancer cells, we treated DLD-1, HCT116, and HT29 cells with the hit compounds for 48 h followed by the WST-1 cell proliferation assays. Results of the effects of various concentrations of the hit compounds were shown in Fig. 4 for DLD-1 and in Supplementary Figs. S2 4 and S3 4 for HCT116 and HT29, respectively. As seen, each of the four compounds tested inhibited cell proliferation in a dose-dependent manner. The two AG compounds, AG17 and AG879, with ranges of ED 50 from 0.46 to 1.77 µmol/L and 1.88 to 3.62 µmol/L, respectively, were more effective in inhibiting proliferation of the three colon cancer cell lines when compared with LY294002 and wortmannin. The three cell lines also exhibited different sensitivities to the compounds, with DLD-1 being the most sensitive for all drugs tested.
We performed flow cytometry of DLD-1 cells treated with the various compounds to determine their effects of the cell cycle profiles. The results of an experiment done in triplicates are shown in Table 2 . As seen, all four compounds caused a statistically significant reduction in the population of cells in the S phase of the cell cycle when compared with control, suggesting that these compounds inhibit DNA synthesis. Two compounds, wortmannin and AG879, led to a statistically significant increase in cells in the G 0 -G 1 phase of the cell cycle, suggesting that they induce a G 1 -S cell cycle arrest. In contrast, treatment with AG17 caused a statistically increase in the sub-G 1 population of the cells compared with control, suggesting that AG17 was able to induce apoptosis. Wortmannin, in addition to causing a G 1 -S arrest, also increased apoptosis.
Discussion
HTS is a relatively cost-and time-effective method that allows the simultaneous screening of hundreds to thousands of small-molecule compounds. In the current study, we attempted to identify compounds that modulate activity of the human KLF5 promoter. The rationale behind this screen lies with the documented proproliferative effect of KLF5 in colon cancer cells (17) . Any identified molecules that inhibit KLF5 expression may potentially inhibit colon cancer cell proliferation, thus aiding in the development of potentially novel therapeutic agents for colorectal cancer. Indeed, a primary screen of the LOPAC 1280 library using our cell-based reporter system identified eight novel compounds that down-regulated KLF5 promoter activity ( Table 1) . Some of these were validated for their ability to inhibit KLF5 expression and further characterized for their ability to inhibit proliferation of colon cancer cells.
Previous studies have established several inhibitors of KLF5 expression including all-trans retinoic acid (13) and mitogen-activated protein kinase inhibitors such as PD98059 and U0126 (16) . In this screen, we used LY294002 as a control, which also effectively inhibits KLF5 expression (Fig. 2) . 5 LY294002 is a reversible inhibitor of PI3K by competitively blocking the ATP-binding site of PI3K (24) . The inhibition of PI3K abrogates phosphorylation of AKT, a downstream effector of the PI3K pathway (25) . In our screen, we identified another PI3K inhibitor, wortmannin, as an inhibitor of KLF5 expression (Table 1) . Wortmannin irreversibly inhibits PI3K by covalently binding to the p110 subunit of PI3K, which then leads to a decrease in AKT phosphorylation (26, 27) . Results of our study confirmed that both LY294002 and wortmannin reduce pAKT levels in DLD-1 cells, which is accompanied by a reduction in KLF5 levels (Fig. 3 ).
There is a growing body of evidence to suggest that PI3K/AKT activation is often associated with colorectal cancer and promotes colorectal cancer development (8, 22) . Thus, inhibition of PI3K/AKT by LY294002 or wortmannin has been shown to inhibit growth of colorectal cancer cells (28, 29) . Results of our study also show that both LY294002 and wortmannin inhibit proliferation of several colon cancer cell lines in a dose-dependent fashion. The extent of the inhibitory effect of these two molecules varies between the tested cell lines, which could be attributed to genetic differences among the cells. Notably, our study links reduced KLF5 promoter activity and KLF5 protein levels to decreased rates of proliferation of treated colon cancer cells. The identified compounds are known to interfere with several signaling pathways, which may then cause a decrease in cell proliferation. Although KLF5 may not be the only target of these compounds, it is part of the signaling pathways that those compounds modulate. Thus, KLF5 may be an excellent indicator of the proliferative state of these cells. It is also of interest to note that overexpression of KLF5 in a human bladder cancer cell line leads to increased level of pAKT (30) . It is therefore possible that PI3K/AKT and KLF5 form an autoregulatory loop with which to promote proliferation of colon cancer cells. Reduction of KLF5 by either pharmacologic inhibition of PI3K/AKT (this study) or genetic knockdown (17) results in a favorable therapeutic response in the colon cancer cell lines examined.
Receptor tyrosine kinases have been implicated in the development and progression of various cancers (31) . Recently, many of the receptor tyrosine kinases have become targets of anticancer therapy (32, 33) . Tyrphostins are a group of compounds that inhibit receptor tyrosine kinase activity, some of which have been used to treat tumors (23) . Of the eight hit compounds that we identified in our primary screen, one was a tyrphostin (AG17; Table 1) . A second tyrphostin, AG879, although did not meet our criteria for a hit, was identified under less stringent conditions and was selected for further characterization because of its relatedness to AG17.
AG17 is a known potent inhibitor of the PDGFR (34) . It has been shown to induce apoptosis and inhibit Cdk2 in lymphoma cells (35) and perturb mitochondria and the Golgi complex to block cell proliferation (36, 37) . Our study shows that AG17 reduces KLF5 promoter activity and protein level in a dose-and time-dependent manner. Importantly, AG17 efficiently decreases the rate of proliferation of three different colon cancer cell lines, DLD-1, HCT116, and HT29. Cell cycle profile analysis indicates that AG17 causes more apoptosis than control and a trend toward G 1 -S cell cycle arrest (Table 2) , a finding that is consistent with published studies in other cell types (35) (36) (37) . Among all compounds tested in this study, AG17 causes the greatest reduction in KLF5 protein level and is the most potent inhibitor of cell proliferation ( Fig. 3 and Fig 4;Supplementary Figs. S2 and S3 ). The reduction in KLF5 protein level after AG17 treatment is correlated with a significant reduction in the level of EGR1 (Fig. 3) , previously implicated in the transcriptional activation of KLF5 expression (14, 16) . It is of interest to note that KLF5 is known to activate expression of the PDGF-A chain (38, 39) . This raises the possibility that KLF5 is involved in an autoregulatory loop of PDGFR and PDGF-A during cell proliferation.
AG879 is an inhibitor of the ERBB2 receptor (40) , which belongs to the larger family of epidermal growth factor receptors (41) . Previous studies indicate that ERBB2 level is increased in colon cancer and that treatment of colon cancer cells with AG879 prevents cell cycle reentry (40) . Our study also shows that AG879 is an inhibitor of cell proliferation in colon cancer cells and does so by blocking the G 1 -S progression of the cell cycle (Table 2) . Like AG17, AG879 treatment of DLD-1 cells leads to a reduction in KLF5 protein level (Fig. 3) . However, unlike AG17, AG879 does not cause a significant decrease in EGR1 level (Fig. 3) . The mechanism by which AG879 inhibits KLF5 expression is currently under investigation.
In summary, we have conducted a "proof-of-principle" HTS of a small-molecule library for compounds that inhibit proliferation of colon cancer cells using the proproliferative KLF5 promoter activity as readout. We successfully identified several compounds that inhibit KLF5 expression and consequently colon cancer cell proliferation. Despite these shared effects, these compounds function to interfere with different signaling pathways, which shed lights on the mechanism by which KLF5 is regulated. Additional screening of a much larger library is likely to yield novel compounds with different chemical scaffolds that modulate KLF5 expression and with which to develop potential therapeutic agents for treating cancers that rely on KLF5 as a crucial mediator of their proliferation. Dose-response studies of the effect of hit compounds on the luciferase activity in DLD-1/ pGL4.18hKLF5p cells. Twenty-four hours after seeding, various concentrations of LY294002 (A), wortmannin (B), AG17 (C), and AG879 (D) suspended in 1% DMSO were added to the wells. Cells were harvested 24 h later for luciferase activity determination as well as protein concentration. All luciferase activities were standardized to the amount of proteins. Relative luciferase activity of the control (cells with medium and DMSO only) was defined as 1 and results from other measurements were calculated accordingly. Relative luciferase activity is shown as fold change. Each experiment was done in triplicate. Bars, SD. *, P < 0.01, compared with control (column 1) by two-tailed t test. Western blot analyses of the effects of hit compounds on protein levels in DLD-1 cells. DLD-1 cells were treated with 10 µmol/L of the hit compounds in 1% DMSO or DMSO alone for 24 h before extraction of proteins for Western blotting against KLF5, AKT, pAKT, EGR1, and β-actin. Cell proliferation assays of DLD-1 cells treated with the hit compounds. Cells were seeded in 96-well plates with medium containing DMSO or increasing concentrations of the stated compounds: LY294002 (A), wortmannin (B), AG17 (C), and AG879 (D) for 2 d before the measurement of absorbance by WTS-1 assays. Control (cells with medium containing DMSO) was defined as 100% and results from other measurements were calculated accordingly. ED 50 was calculated for each compound. Each experiment was done in triplicates. Bars, SD. *, P < 0.001, compared with DMSO (column 1). Table 1 Potential hit compounds from LOPAC 1280 
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